Clinical performance characteristics of hemodialysis graft monitoring  by McDougal, Grant & Agarwal, Rajiv
Kidney International, Vol. 60 (2001), pp. 762–766
DIALYSIS – TRANSPLANTATION
Clinical performance characteristics of hemodialysis
graft monitoring
GRANT MCDOUGAL and RAJIV AGARWAL
Nephrology Division, Indiana University School of Medicine and Roudebush VA Medical Center, Indianapolis, Indiana, USA
Clinical performance characteristics of hemodialysis graft equipment and personnel [2], while venous pressure moni-
monitoring. toring in dialysis patients, although without cost, has
Background. Regular monitoring of dialysis grafts is recom- yielded conflicting results; some studies show little utility
mended, but the value of dialysis graft blood flow monitoring
in predicting failure [4], while others show substantialand venous pressures in predicting subsequent outcomes are
benefit [5, 6]. Recently, the value of a single or repeatedcontroversial.
Methods. Over a period of one month, we performed simul- graft flow monitoring in clinical decision making has been
taneous flow and venous pressure monitoring in 71 dialysis questioned [7, 8]. Therefore, in this prospective study, with
patients with polytetrafluoroethylene (PTFE) grafts. These pa- a one-month enrollment period and a one-year follow-
tients were prospectively followed for one year. Receiver op- up, we examined the value of venous pressure monitor-erating characteristic (ROC) curves were constructed to evalu-
ing and graft flow monitoring with graft outcomes.ate the performance of the various monitoring techniques.
Results. During the period of follow-up, there were 71 graft
failures (30 angioplasty alone and 41 thrombosis followed by
METHODSinterventional or surgical revisions). Failed grafts had a lower
blood flow rate [799 452 (SD) mL/min] when compared with Subjects
those without failure (1019  485 mL/min, P  0.05) Single Seventy-one patients with PTFE grafts on chronic main-static or dynamic venous-pressure monitoring were not pre-
tenance hemodialysis at three dialysis units affiliated withdictive of graft failure. ROC analysis showed poor performance
Indiana University were the subjects of the study. All pa-of graft flows in predicting graft failures over the short (30
days, AUC 0.726, 95% CI, 0.509 to 0.942) and long term (one tients were dialyzed with Cobe Centry 3 dialysis machines
year, AUC 0.630, 95% CI, 0.499 to 0.761). An adjustment of at one dialysis unit and Fresenius dialysis machines at
graft flows for systolic blood pressure or classification of graft the other two dialysis units, and had a median nominal
based both on flows and venous pressure did not improve test blood flow rate of 400 mL/min, between 3.0 to 4.5 hoursperformance.
(median 4 hours), three times weekly. A CT 190 dialyzerConclusions. Although dialysis graft blood flow rates are
(Baxter Healthcare Inc, McGaw Park, IL, USA) wasstatistically different in patients who have graft failure (graft
used in those patients in whom the dialyzer was reused.angioplasty and surgery or thrombosis) versus those who do
not, the performance characteristics preclude clinical decision-
Graft flow rates and graft recirculationmaking from an isolated blood flow or venous pressure study.
Graft flow rates and recirculation percent were deter-
mined by ultrasound dilution (Transonic Systems, Inc.,
The polytetrafluoroethylene (PTFE) graft is a major Ithaca, NY, USA) using standard procedures recom-
source of morbidity and expense in the hemodialysis mended by manufacturer. Graft flow monitoring was
performed routinely in these dialysis units at periodicpopulation [1, 2]. Venous pressure monitoring and graft
intervals; however, for this study, the measurementsflow measurements have emerged as popular techniques
were performed in duplicate by a single operator (G.M.)that for the regular monitoring of interposition grafts [3].
over a one-month period. The average of the two mea-However, graft flow measurements requires specialized
surements was used for subsequent analysis. Systolic
blood pressure was measured by an oscillometric cuff
Key words: transplantation, renal graft, thrombosis, monitoring BP, method using the dialysis machine’s monitor immedi-
venous pressure monitoring, PTFE grafts, kidney blood flow. ately following each measurement.
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dialysis at the time of graft flow measurements. These ally reported to have poor outcomes [4, 10]. Data from
our earlier study had demonstrated that on repeated moni-venous pressures are not true intra-graft pressures as
they are measured in the venous drip chamber. These toring, a maximum venous pressure of 230 mm Hg at
400 mL/min was more sensitive in predicting graft failurepressures are the sum of the actual intra-graft pressure,
the hydrostatic pressure between the venous needle and [11]. Thus, four possible combinations of pressure and
flow were possible: high-pressure low-flow, high-pressurethe transducer, and the blood flow-dependent pressure
gradient through the tubing and the needle [5, 9]. No high-flow, low-pressure high-flow, and low-pressure low-
flow. The overall effect of this classification was testedcorrection was made for the hydrostatic pressure in this
study. Venous pressures were recorded first at 400 mL/ using repeated measures analysis of variance, with time
as the repeated measure and the baseline classificationmin and then at 200 and 0 mL/min. Sufficient time was
given for the venous pressures to equilibrate prior to based on flows and pressure as a factor. Failure was also
analyzed using 2 for trend statistic over each time pointchanging the pump settings. Because the venous pressure
in the dialysis venous chamber may dissipate during zero [12]. Finally, the Cox proportional hazards model was
used to model the effect of graft blood flow on subse-flow due to continued ultrafiltration from the dialyzer
[9], we clamped the venous line between the dialyzer quent survival.
All P values are two sided and are taken to be signifi-and the drip-chamber during recording of static venous
chamber pressure. Static venous pressures were normal- cant at the 0.05 level. Means SDs are reported through-
out the text, except where otherwise stated.ized to the prevailing systolic BP. All measurements were
performed by a single operator (G.M.).
RESULTSOutcomes
The average age of the subjects was 60  12 years.Graft failures were prospectively followed over one
Thirty-seven (52%) were males. Fifty-three (75%) wereyear after the initial evaluation. It was defined as a com-
blacks, and 16 (23%) whites. Their etiology of end-stageposite outcome of graft stenosis requiring angioplasty,
renal disease (ESRD) was diabetes mellitus in 36 (51%),surgical revision, or clotting of the graft. At the time of
hypertension in 28 (39%), and other causes in the re-the study, there was no specific intervention protocol
maining 10%. Demographic characteristics and graftfollowed to maintain patency of dialysis grafts. Clinical
characteristics are presented in Table 1. Left forearmcriteria that led to angioplasty or surgical revisions were
PTFE graft was present in 49, right forearm graft in 19,difficulty in cannulation, excessive bleeding after needle
and left upper arm in 3 patients. A PTFE graft was inwithdrawal, or clotting of the access.
a straight configuration in four and in a loop configura-
Analysis tion in the rest. The graft was placed 40  26 months
(range 3 to 134 months) prior to the study. As can beData between event free graft and those with failure
seen from Table 1, only graft flows were predictive ofwere analyzed by an unpaired t test when continuously
failure, but none of the other characteristics.distributed or the 2 test when nominal. Receiver op-
All graft flow and venous pressure measurements wereerating characteristic (ROC) curve analysis was per-
performed in January 2000. One patient could not haveformed using SPSS for Windows 10.0.7 software (SPSS,
flow measurements and was excluded from the analysis.Inc., Chicago, IL, USA). ROC curves (a plot of true
The average graft flow was 900  477 mL/min in thepositive rate vs. false positive rate) were created for
remaining 70 patients. Normalized static venous pressuredifferent thresholds for graft flows in predicting the com-
averaged 0.33  0.16 mm Hg. Venous pressures at 200posite graft outcome for various time points. Multiple
mL/min blood flow were 129 31 mm Hg and at 400 mL/time points were analyzed separately to analyze whether
min were 235  42 mm Hg. Recirculation was presentgraft failures were predicted over the short, intermediate,
in only four patients, and the average of the duplicateor long term. The area under the curve was calculated
measurements was 27.5, 35, 69, and 69% respectively.along with its asymptotic standard error. If the 95% CI
of the area under the ROC curve (AUC) included 0.5, the
Graft event ratestest performance was not different from chance alone. To
A total of 38 patients experienced 41 clots requiringbe clinically useful, a sensitivity of greater than 80% and
surgical revisions or interventional declotting and 30 an-a false positive rate of less than 20% are required. This
gioplasties during the course of follow-up. Thirty-twoyields an area under the curve of greater than 0.8.
patients were free of graft failure. Single venous pressureClassification tables were also constructed of a combi-
recordings were not predictive of graft failure (Table 1).nation of flows and pressures with cutoffs at 600 mL/min
Graft blood flows were significantly different in graftsfor graft flow rate and 230 mm Hg for venous pressure at
with failure (799  452 mL/min) versus grafts without400 mL/min blood pump flow rate. These cut-offs were
chosen as graft flow rates below 600 mL/min are gener- failure (1019  485 mL/min, P  0.05). Graft blood
McDougal and Agarwal: Flow and pressure monitoring in grafts764
Table 1. Patient and graft characteristics
No graft failure Graft failure P
N 32 38
Age 5916 6015 0.72
Males 16 21 0.66
Blacks 23 29 0.49
End-stage renal disease due to diabetes 19 17 0.22
End-stage renal disease due to hypertension 11 16 0.51
Type of graft 0.45
Forearm loop 31 34
Forearm straight 1 1
Upper arm straight 0 1
Upper arm loop 0 2
Age of graft months 44.530.2 37.521.9 0.29
Procedures over previous year 1.231.38 1.591.57 0.31
Clots over previous year 0.911.22 1.181.20 0.34
Total procedures/year over life of graft 1.171.49 1.591.43 0.25
Total clots/year over life of graft 1.01.40 1.11.0 0.72
Graft flow mL/min 1019485 799452 0.05
Graft flow/systolic blood pressure 6.823.03 5.563.19 0.09
Venous pressure 200 mL/min flow 13226 12930 0.62
Venous pressure 400 mL/min flow 23733 23741 0.93
Venous pressure at zero flow/systolic BP 0.320.13 0.350.18 0.42
vival in the low flow group to 158 days and in the higher
flow group to 281 days but reached only marginal signifi-
cance (P  0.075, log-rank test).
ROC analysis
The results of the ROC analysis are shown in Figure 1
and Table 2. Figure 1 demonstrates that graft flows had
the best performance over the short term, which was
within one month. The sensitivity of graft blood flow of
600 mL/min was 50% or less regardless of the time of
observation. Similarly, the false positive rate of graft
blood flow of 600 mL/min was approximately 20% for
all time points. The area under the curve of the ROC
curve was 0.726 over 30 days and was statistically signifi-
cant. Cumulative graft failures over the period of obser-
vation are shown in Table 2 and, as can be seen from
AUC and 95% CIs of these ROC curves, the perfor-
mance of graft blood flows over the short, intermediate
or long term was poor. A high sensitivity in predictingFig. 1. Receiver operating characteristic curve of graft blood flows and
an event always required a high false positive rate, thusfailure at various time points. The diagonal straight line at 45 indicates
a hypothetical test with no predictive value. Graft blood flows best diminishing the value of this test. Correction of graft
predicted the 30-day event rate, however, they were of insufficient
blood flow rate for the prevailing systolic blood pressureclinical accuracy for decision making.
did not improve the performance of the test (Table 1).
Flow-pressure combination analysis
flows were correlated with systolic blood pressure, which
The results of the flow and pressure analysis are pre-explained 11% of the variance; however, correction of
sented in Table 3. There was no improvement in thegraft blood flows did not improve test performance. In
predictability of outcomes in grafts based on this classifi-a Cox proportional hazards model, the risk of graft fail-
cation. The repeated-measures analysis of variance modelure was increased 9% (95% CI, 1.4 to 18%, P  0.016)
confirmed the results shown in Table 3. No overall effectwith each 100 mL/min fall in graft flow rate. When data
of baseline flow-pressure classification class or interac-were dichotomized to 600 mL/min (N  19) and 600
mL/min (N  51), the failure time analysis showed sur- tion with time was seen.
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Table 2. Receiver operating characteristics (ROC) curve analysis of graft flows over the short, medium and long-term
30 day 60 day 90 day 120 day End of Study
8 14 16 22 38
Number of failures
SEN FPR SEN FPR SEN FPR SEN FPR SEN FPR
Graft blood flow
600 mL/min 0.5 0.226 0.357 0.232 0.375 0.222 0.364 0.208 0.316 0.188
900 mL/min 0.875 0.468 0.643 0.482 0.625 0.481 0.682 0.438 0.579 0.438
1200 mL/min 0.875 0.758 0.857 0.750 0.875 0.741 0.909 0.708 0.842 0.688
1800 mL/min 0.875 0.952 0.929 0.926 0.938 0.944 0.955 0.938 0.974 0.906
AUC 0.726 0.619 0.633 0.672 0.630
95% CI of AUC 0.509 0.942 0.452 0.786 0.478 0.787 0.538 0.807 0.499 0.761
P value 0.039 0.089 0.109 0.021 0.062
AUC for graft flow/systolic BP
ROC curves 0.725 0.639 0.647 0.670 0.627
95% CI of AUC 0.504 0.943 0.472 0.806 0.492 0.802 0.533 0.808 0.496 0.758
P value 0.04 0.11 0.076 0.023 0.068
Abbreviations are: BP, blood pressure; SEN, sensitivity; FPR, false positive rate; AUC, area under the ROC curve; ROC, receiver operating characteristic; CI,
confidence interval.
Table 3. Graft outcomes based on graft flows and venous pressure (VP) combinations
30 day 60 day 90 day 120 day End of Study
8 14 16 22 38
Number of failures
Event No event Event No event Event No event Event No event Event No event
Flow-low, VP-high 2 6 2 6 3 5 5 3 6 2
Flow-low, VP-low 2 9 3 8 3 8 3 8 7 4
Flow-high, VP-high 2 27 4 25 5 24 7 22 13 16
Flow-high, VP-low 2 20 5 17 5 17 7 15 12 10
P (2 for trend) 0.18 0.10 0.72 0.24 0.28
DISCUSSION these tests. The average AUC-ROC for graft failure has
been reported to be 0.76  0.07 (SE) in a meta-analysisCurrent monitoring of dialysis grafts to prevent throm-
[8]. The 95% CI of our ROC curves at any time pointbosis included venous pressure monitoring and graft flow
includes this average, confirming the poor overall perfor-rates. Venous pressure monitoring is prone to pitfalls, as
mance seen in these studies. Demographic factors suchHakim and Himmelfarb pointed out [2]. These problems
as age, gender, or diabetes also did not differ betweeninclude the presence of intra-graft stenosis, needle place-
groups who had graft failure similar to what has beenment difficulties, low systemic hemodynamic pressure,
observed by others [8].insensitivity of pressure measurement device of the dial-
Several differences emerge when we analyze the diver-ysis machine, and bypassing the stenosis by cannulation,
gent conclusions between our study and those that con-which can produce either a false-positive or false-nega-
clude that graft flow monitoring is useful to reduce grafttive results. Similarly, graft flow measured by the tran-
failure [4, 6, 10, 13]. The foremost difference betweensonic device is influenced by blood pressure.
our study and others is the use of ROC analysis in ourThis prospective study had a defined one-month entry
study and survival and risk factor analysis in others.period and one-year follow-up period. During this time,
In fact, when we subject our data to Cox proportionalwe prospectively recorded data on graft outcomes. Only
hazards analysis, the graft flows are predictive of failure,PTFE grafts were studied because they are associated
similar to what the “positive” studies have reported.with high event rates in contrast to fistulas [11]. Our
However, ROC analysis, which is relevant to clinicalstudy found that although graft flows are predictive of
decision-making, does not endorse the clinical utility ofoutcome, their clinical utility in planning interventions
these results in individual patients. Paulson et al usingis hampered by high false positive rates. Correction of
ROC analysis have also reached the conclusion that agraft flows for systolic blood pressure did not improve
single and even repeated graft-flow monitoring is insuf-the performance characteristics of the test. Single venous
ficient to make clinical decisions [7, 8]. Other differencespressures recorded dynamically or at no blood pump flow
between our study and others are the use of concurrentdemonstrated no utility in predicting graft outcomes. A
instead of historical controls and using each patient onlycombination of venous pressure-flow classification class
also failed to improve performance characteristics of once instead of repeatedly. The latter avoids the bias of
McDougal and Agarwal: Flow and pressure monitoring in grafts766
only some patients accounting for the major proportion undue reliance on single graft flow or venous pressure
monitoring.of graft failures.
Our study may be criticized for not using repeated
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